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More than 80 group I introns were detected and characterized in Chlorella viruses isolated from various locations in Japan;
the overall average frequency of viruses containing the group I intron was 8.0%. Although most of these introns were inserted
in the gene for either transcriptional elongation factor TFIIS (;60%) or URF14.2 (unidentified open reading frame coding for
a 14.2-kDa polypeptide) (;40%), in a few cases, the gene for the major capsid protein Vp52 contained an intron. These introns
were biologically active (self-splicing) both in vivo and in vitro. Viruses that contained introns almost usually contained only
one, but more than two introns coexisted in several virus isolates. Nucleotide sequence analysis showed that the intron
sequences have diverged under strong constraint of the exon genes: introns in the same gene showed more than 99%
sequence identity, whereas introns in different genes were only 72–78% identical. Phylogenetic analysis suggested related-
ness of these introns to those found in the rRNA genes of a variety of organisms including green algae, red algae, yeasts,
fungi, and protozoa. © 1998 Academic Press
INTRODUCTION
Large icosahedral, dsDNA-containing viruses that in-
fect certain isolates of a Chlorella-like unicellular green
alga (Chlorella virus, Phycodnaviridae), are ubiquitous in
natural environments (for a review, see Van Etten et al.,
1991). These viruses were first found in Chlorella-like
algae (zoochlorella) that are symbiotic with Paramecium
bursaria (Kawakami and Kawakami, 1978) and were iso-
lated from zoochlorella of Hydra viridis (Van Etten et al.,
1981; Meints et al., 1981) and P. bursaria (Van Etten et al.,
1982). These viruses can be assayed by plaque forma-
tion and, experimentally, can be produced in large quan-
tities with some exsymbiotic Chlorella strains such as
NC64A (Van Etten et al., 1983), SAG-241-80 (Kvitko and
Gromov, 1984), and Pbi (Reisser et al., 1986). However, it
is not known whether Chlorella viruses replicate exclu-
sively in zoochlorella or if they have other hosts. More-
over, very little is known about the origin and the natural
history of the Chlorella viruses.
One of the remarkable features of Chlorella viruses is
their large, 330–380 kb, dsDNA genomes that potentially
encode more than 400 genes. The nucleotide sequence
of the entire genome of PBCV-1, the prototype of Chlor-
ella viruses, has revealed a variety of genes, some of
which are closely related to those of bacteria, fungi, and
yeasts (Li et al., 1995; Lu et al., 1995, 1996; Kutish et al.,
1996). One noteworthy gene, encoding a homolog of
translational elongation factor EF-3, was found on the
CVK2 (a Chlorella virus found in Japan) genome (Yamada
et al., 1993a); EF-3 is specific to fungi and yeasts
(Chakraburtty, 1992; Belfield and Tuite, 1993). In addition,
genes for the viral major capsid protein Vp54 of PBCV-1
constitute a gene family (Lu et al., 1995), implying that the
surface of the virus might be variable. Taken together,
these facts suggest a potential wide range of hosts for
Chlorella viruses.
Group I introns are a class of autocatalytic intervening
sequences originally found in the rDNA of the protozoan
Tetrahymena thermophila (Cech et al., 1981). The self-
splicing activity requires both conserved nucleotide se-
quence elements (P, Q, R, and S) to form the active
center and secondary structure consisting of several
conserved stems and loops, P1 to P10 (Cech et al., 1990).
Group I introns are found in a number of eubacterial
genomes and bacteriophages as well as in the nuclei
and organelles of eukaryotes (Lambowitz and Belfort,
1993). The wide, but scattered, distribution of these in-
trons can be explained by horizontal transfer between
distantly related organisms (Lambowitz and Belfort,
1993).
This notion is supported by the fact that introns with
high sequence similarity occupy the same locations in
different organisms. For example, the small subunit rRNA
introns of a green alga Chlorella (Aimi et al., 1994), a red
alga Porphyra (Oliveira and Ragan, 1994), a yeast Pneu-
mocystis (Liu et al., 1992), and an imperfect fungus Ceno-
coccum (Rogers et al., 1993) are all located at exactly the
same position (S-1506) of the gene.
Recently we found two group I introns in the genome
of Chlorella viruses whose structures are similar to those
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in various algae, yeasts, fungi, and protozoa (Yamada et
al., 1994). In the present study, we have identified and
characterized more than 80 Chlorella viral introns. The
introns were classified into three types based on their
sequence similarity. Through phylogenetic studies of the
group I introns, we hope to garner clues about the origin
and natural history of the Chlorella viruses.
RESULTS
Frequency of group I intron-containing
Chlorella viruses
Chlorella viruses carrying group I intron sequences
can be detected by plaque hybridization with a 350-bp
BglII/EcoRV fragment containing a middle portion of the
CVB11 intron as probe (Yamada et al., 1994). For this
intron study we used Chlorella viruses from freshwater
samples that had been collected from 77 distinct areas
in Japan in an earlier study (Yamada et al., 1993b). Some
of the results from the intron analysis are summarized in
Table 1. At various frequencies, two kinds of hybridization
signals (strong and weak) were obtained under low strin-
gency. For example, 18 strongly and 23 weakly hybridiz-
ing plaques were detected among 604 plaques obtained
from the Tokyo sample. The Iwate sample gave only
strong signals, but at a lower frequency. In contrast, no
hybridizing plaques were detected in some samples,
such as those of Kumamoto and Okinawa. Depending on
the location of the viral isolates, the group I intron fre-
quency varied from 0 to 25% with an overall average
value of 8.0% (88 positive plaques among 1106 plaques
analyzed). These results indicate that group I intron se-
quences are widely distributed in the genomes of Chlor-
ella viruses.
Three types of Chlorella virus group I introns
Previously we had identified two different group I self-
splicing introns; one, from virus CVU1, was inserted in a
gene whose product resembles the eukaryotic transcrip-
tion factor SII (TFIIS). The other was inserted in the
URF14.2 gene of virus CVB11 (Yamada et al., 1994). Al-
though the secondary structures of the two introns were
very similar, their primary sequences differed by 22%.
Plaque hybridization with the CVB11 intron probe de-
tected both strong and weak signals, which led us to
characterize those hybridizing sequences in the viral
genomes. DNA was isolated from each hybridizing
plaque and analyzed further by Southern blot hybridiza-
tion and DNA sequencing. Figure 1 shows the results of
Southern blot analysis of EcoRI fragments of viral DNAs
from 12 different localities. When DNA fragments were
probed with the CVB11 intron sequence, the two ex-
pected hybridization signals, strong and weak, were ob-
served (Fig. 1B). The CVB11 DNA had a strong hybridiz-
ing band of 2.3 kb (lane 2) and the CVU1 DNA had a
weak, 5.0-kb band (lane 1), which is consistent with
previous results (Yamada et al., 1994). In addition, 7 weak
and 5 strong hybridizing bands of various sizes were
seen with the other 10 viral DNAs; both types of band
were present in lanes 7 and 12 (CVN2 and CVKR1, re-
spectively). The strongly hybridizing bands exactly
matched the bands that hybridized with the CVB11 exon
probe (Fig. 1C). The weakly hybridizing bands seen in
Fig. 1B were nearly the same as those that hybridized
with the CVU1 exon probe (the TFIIS gene), with the
exception of CVEN5 (lane 10) that did not produce a clear
hybridizing signal (Fig. 1D). To confirm the intron–exon
connection, the intron-hybridizing bands from several
viral isolates were cloned and sequenced, including both
the strong and weak bands from CVN2 and a weak band
from CVEN5 (Fig. 1B, lanes 7 and 10, respectively). All the
strong intron-hybridizing bands contained a CVB11-like
intron inserted at the same site as the CVB11 intron in
the URF14.2 gene; all the weak bands had a CVU1-like
intron at exactly the same site in the TFIIS gene. The
CVEN5 intron was located in the URF14.2 gene. It had a
considerably divergent DNA sequence (less than 80%
similarity with the CVB11 URF14.2 intron sequence),
which may be why it was not detected in Southern blots.
Recently, a third type of intron was found when viruses
from the Tokyo water samples were analyzed. In similar
Southern blot experiments, some intron-hybridizing
bands did not hybridize with the exon probes from either
CVB11 or CVU1 (data not shown). The nucleotide se-
quences were determined for some of these DNA frag-
ments. These showed that a 382-bp intron with moderate
similarity (72–73%) to both the CVB11 and CVU1 introns
was inserted in the gene for the major capsid protein
Vp52 (Yamada et al., 1993b). The nucleotide sequence of
the Vp52-coding region of CVT2 (DDBJ accession no.
AB006978), a virus representative of its type, had 96.0%
identity (corresponding to a 98.0% identity in a sequence
over a total of 438 residues) with the major capsid pro-
tein gene of PBCV-1 (Graves and Meints, 1992). The
intron was inserted between nucleotide positions 1257
and 1258 from the initiation codon. Comparing the PCR-
TABLE 1
Frequency of Group I Intron-Containing Chlorella Viruses
Sample
locations
No. of plaques
tested
No. of positive
plaques
Percentage of
positive plaques
Iwate 147 4 (S)a 2.7
Akita 120 30 (S) 25.0
Nigata 36 6 (4S, 2W)b 16.7
Tokyo 604 41 (18S, 23W) 6.8
Hiroshima 43 7 (4S, 3W) 16.3
Kumamoto 135 0 0
Okinawa 21 0 0
a S, plaques giving a strong hybridization signal.
b W, plaques giving a weak hybridization signal.
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amplified cDNA sequences with the corresponding
genomic DNA sequence confirmed the precise splicing
of this intron and connection of both exons. The nucle-
otide sequence around the CVT2 intron insertion site is
compared with those of CVK2 and PBCV-1 in Fig. 2.
Interestingly, the T residue at the 39-end of the 59 exon
that is important for the self-splicing reaction was
changed to C in both CVK2 and PBCV-1. Using Southern
blot analysis with the probe for the Vp52 gene, all the
weak intron-hybridizing bands of the Tokyo viruses (Ta-
ble 1) corresponded only to the Vp52 intron; the strong
bands observed in the Tokyo sample contained the
CVB11-type introns (Table 1).
Comparison of three types of Chlorella virus group I
introns and their exon genes
The nucleotide sequences of the three types of Chlor-
ella viral group I introns are compared in Fig. 3. The
CVU1 sequence represents introns inserted in the TFIIS
gene, of which 6 have been characterized and whose
primary sequences share more than 99% identity. The
FIG. 1. Southern blot analyses of Chlorella viral DNAs isolated in Japan. DNAs digested with EcoRI and separated by agarose gel electrophoresis (A) were
hybridized with the CVB11 intron probe (B), with the CVB11 exon probe (C), or with the CVU1 exon probe (D). Note two kinds of signals (strong and weak)
discernible in B. Lane 1, CVU1; lane 2, CVB11; lane 3, CVH1; lane 4, CVE1 (isolated from Ehime); lane 5, CVKA1; lane 6, CVS1; lane 7, CVN2; lanes 8–11,
CVEN3-CVEN6 (Hiroshima); lane 12, CVKR1 (Hiroshima). The viruses are those described previously (Yamada et al., 1993b) or otherwise indicated.
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CVB11 sequence is the consensus sequence for 10 sim-
ilar introns inserted in the URF14.2 gene. The DNA se-
quences of these 10 introns were more than 98% identi-
cal except for CVEN5, which had 40 base changes in 391
nucleotide positions (89.3% identity) compared to the
CVB11 intron sequence. The CVT2 intron has two mem-
bers of this type inserted in the Vp52 gene. These se-
quences differed in only 2 nucleotides among 382 posi-
tions. As shown in Table 2, the nucleotide sequences of
three Chlorella virus introns diverged almost equally (71–
78% similarity) from each other, in contrast to the high
degree of conservation, more than 99% identity, within
each type. Divergent nucleotide positions were predom-
inantly concentrated in the P2, P5a, P6a, P6b, and P8
elements of the secondary structure. Most notably, the
deletions in the CVT2 intron occurred in the P6b and P8
regions. Comparisons of the nucleotide sequences of
the URF14.2 exon gene among several viral strains con-
taining the CVB11-type introns revealed approximately
94% similarity except for one strain, CVEN5, which gave
lower values varying from 78.9 to 79.8% for each com-
parison (Table 3). As described above, the CVEN5 intron
sequence also deviated considerably from other introns
in its primary sequence (89.25%). A similar degree of
conservation ranging from 99.0 to 99.4% was also ob-
served for the TFIIS exon gene sequences of several
viruses containing the CVU1-type introns. These results
suggest a scenario in which the three types of Chlorella
virus group I introns evolved from the same origin and
later diverged independently under constraints of their
exon genes. The existence of viruses containing introns
of both the CVB11 and the CVU1 types (Fig. 1D) requires
some mechanism for cotransmission of the intron and
exon sequences.
Phylogenetic analysis
Nucleotide sequences of the Chlorella virus group I
introns (the CVU1 and CVB11 introns) were compared
with those of various organisms including eight species
of Chlorophyta, nine species of Charophyta, three spe-
cies of Eumycota, two species of Rhodophyta, and one
species of Ciliata. A total of 28 group I (IB) intron se-
quences were aligned for evolutionary analysis. A phy-
logenetc tree was constructed using the neighbor-join-
ing method (Saitou and Nei, 1987) based on structural
distance (Kimura, 1980) and is shown in Fig. 4. The
UPGMA method also gave similar results. As seen here,
the CVB11 and CVU1 introns were resolved as a sister
group with an affinity for the intron of Tetrahymena rRNA
rather than to introns from green algal rDNA including
several Chlorella species.
Group I intron–endonuclease relationship
Many group I introns contain ORFs that encode dou-
ble-strand DNA endonucleases, and several of them
promote the mobility of the host introns. A double-strand
break initiates a homology-driven gene conversion,
namely, intron homing (Lambowitz and Belfort, 1993). The
PBCV-1 genome has an ORF (A422R) with similarity to
the bacteriophage SPO1 intron endonuclease (Kutish et
al., 1996). Therefore, we became interested in the possi-
ble involvement of endonucleases in the transmission of
Chlorella virus introns. We tried to amplify a portion of the
genes corresponding to A422R from several virus strains
by using PCR with a pair of synthetic 25-mers as primers
(Materials and Methods). From a Brazilian CVBR1 isolate
(Yamada et al., 1993b), we obtained a 560-bp DNA frag-
ment located between the forward and reverse primers
that corresponded to the conserved middle portion of the
FIG. 2. Comparison of the nucleotide sequences around the CVT2
intron insertion site (positions 1251–1270 from the initiation codon) of
the major capsid protein (MCP) genes among three different Chlorella
viral strains.
FIG. 3. Alignment of the Chlorella virus group I introns. The catalytic
core regions (P, Q, R, and S) and other group I intron secondary
structure elements are indicated below the sequences. The residues
conserved in more than three of the four introns are shown by shaded
boxes. Alignment gaps are marked with dashes.
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PBCV-1 endonuclease gene. Southern blot analysis with
this DNA fragment as probe revealed that the endonu-
clease gene occurred very sporadically in Chlorella vi-
ruses isolated in Japan; only 3 were positive among 50
randomly selected viral strains (data not shown). Only
one of these three contained a group I intron sequence.
On the other hand, among 12 group I intron-containing
viruses, only one showed a positive signal with the
endonuclease probe (data not shown). Thus, the gene for
the SPO1-like endonuclease rarely coexisted with a
group I intron in the genomes of Chlorella viruses iso-
lated in Japan.
DISCUSSION
Three types of group I introns found in
Chlorella viruses
Group I introns are widespread in Chlorella viral
genes. They could be classified into three types based
on their structures and exon genes. The primary and
secondary structures of these introns were very similar
to each other. They may have come from one original
progenitor, which was independently inserted into differ-
ent genes at almost the same time. After transfer, the
introns may be vertically inherited under strong con-
straint from their exon gene or may be lost. In contrast to
our initial expectation that the viral introns would change
quickly, because of the rapid replication rate of viruses, a
high degree of conservation in the primary sequence
was observed within each intron type. In this context, it is
interesting to note that a CVU1-type intron was also
found in the TFIIS-like gene of PBCV-1 that was isolated
in the United States in 1982 (Van Etten et al., 1982). In
spite of the distant localities and more than 10 years
difference, the nucleotide sequence of the PBCV-1 intron
had 99.5% identity with that of the CVU1 intron (Li et al.,
1995). This implies that those introns once acquired by
an important gene must function cooperatively with the
exon for the viruses to survive. Otherwise, why would
they be conserved? In the case of the intron inserted in
the major capsid protein gene, the 39-flanking nucleotide
of the 59-exon was T, which was the third nucleotide of
the codon for Ala418 (Fig. 2). If this nucleotide were
changed to C as it is in CVK2 and PBCV-1, then splicing
could not occur and the virus would perish. Alternatively
such a specific effective site might have been selected
by the intron for insertion.
The sporadic distribution of the introns can be ex-
plained by frequent recombination between genes with
and without an intron, or otherwise by mechanisms of
horizontal transmission. For group I introns, two path-
ways have been proposed to be involved in horizontal
transmission: (i) gene conversion mediated by an intron-
encoded endonuclease (homing enzyme) (Lambowitz
and Belfort, 1993) and (ii) reverse splicing and succes-
sive reverse transcription (Woodson and Cech, 1989).
Although no gene for reverse transcriptase has been
found in the Chlorella viral genome, a gene with signifi-
cant similarity to the site-specific endonuclease sur-
rounding the bacteriophage SPO1 intron was identified
on the PBCV-1 genome (Kutish et al., 1996). This fact
suggests a possible involvement of such an endonucle-
ase in the intron movement. However, as found in this
work, the endonuclease gene occurred very rarely in
Chlorella virus strains and was more scattered than the
group I introns themselves. The endonuclease ORFs are
proposed to be independent genetic elements that may
colonize preexisting group I introns (Lambowitz and Bel-
fort, 1993). If such an endonuclease once functioned in
the intron invasion and transmission among Chlorella
viruses, most of the introns would have lost the ORF by
now. When CVKR1, containing two different introns as
described above (Fig. 1), was examined for its intron
pattern by Southern blot before and after 40 rounds of the
lytic cycle on Chlorella strain NC64A as host, DNA frag-
ments detected with the intron probe did not show any
change among the viral progeny from 100 random
plaques (data not shown). Mixed cultivation of CVB11
(intron-plus) and CVK2 (intron-minus) at ratios of 1:10, 1:1,
and 10:1 produced progeny of only one type and no
transfer of the intron was observed. The Chlorella viral
introns, therefore, at least in their present forms, do not
move easily. In this study, we did not obtain any evidence
for the involvement of a homing-type endonuclease in
the transmission of introns among Chlorella viruses.
TABLE 2
Similarity of Nucleotide Sequences of Group I Introns
Found in Chlorella Viruses
Virus intron
% Similarity with
CVU1 CVB11 CVEN5 CVT2
CVU1 100 78 73 72
CVB11 100 89 73
CVEN5 100 71
CVT2 100
TABLE 3
Similarity of Nucleotide Sequences among the CVB11-Type Introns
and Their Exon URF14.2 Genes
Virus intron
Similarity of intron sequences (%)
CVB11 CVH1 CVN2-2 CVEN5
CVB11 — 98.75 99.50 89.25
CVH1 94.04 — 99.25 88.50
CVN2-2 94.04 94.34 — 89.25
CVEN5 79.76 78.86 79.76 —
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Origin of the Chlorella virus group I introns
Group I introns, especially of type IB, are distributed
widely in the nuclear rRNA genes of various algae,
yeasts, fungi, and protozoa. Chlorella viruses infect the
eukaryotic algal cells residing in protozoa such as Par-
amecium (Van Etten et al., 1991), which leads to the
speculation that this kind of virus may have transferred
group I introns between eukaryotic algae and protozoa,
organisms from two distant phylogenetic kingdoms. The
viral introns could have come from an rRNA intron in
some host and might have moved into a gene of another
host organism. Phylogenetic analysis indicated that the
Chlorella viral introns formed a separate branch from
other algal intron clusters, including Chlorella introns,
and had an ‘‘affinity’’ for the intron of Tetrahymena (Fig. 4).
It is also interesting that analysis of the nucleotide se-
quence of the entire PBCV-1 genome has identified a
gene family of major capsid proteins; these additional
capsid proteins might be involved in infection of different
hosts (Lu et al., 1995). Furthermore, a gene homologous
to that for translational EF-3, which previously has been
known as a fungus-specific factor (Chakraburtty, 1992;
Belfield and Tuite, 1993), is encoded on the CVK2 ge-
nome and is expressed during infection (Yamada et al.,
1993). Genes for enzymes that cleave chitin and chi-
tosan, polymers of N-acetylglucosamine which are nor-
mal components of fungal cell walls and the exoskel-
etons of crustaceans and insects, are also encoded
PBCV-1 (Lu et al., 1996). Some of these genes are ex-
pressed during infection, and functional enzymes are
incorporated into the virion (Yamada et al., 1997). These
facts lead us to propose that Chlorella viruses may have
at least one other host among the fungi, yeasts, or
protozoa and may mediate transfer of genes (group I
introns) among those phlogenetically divergent organ-
isms. In this regard, nucleic acid transfers between fun-
gal viruses and plants were recently suggested by
Marienfeld et al. (1997).
MATERIALS AND METHODS
Cells and viruses
Cells of Chlorella strain NC64A (Muscatine et al., 1967)
were cultured in a modified Bold’s basal medium
(MBBM) as described (Van Etten et al., 1983). Some of
the Chlorella viruses are those described previously
(Yamada et al., 1993b) and others were recently isolated
from freshwater in Japan using methods already de-
scribed (Yamada et al., 1991). Viruses carrying a group I
intron were detected by plaque hybridization with a
group I intron-containing DNA fragment (a 350-bp BglII/
EcoRV) of CVB11 (Yamada et al., 1994) labeled with
nonradioactive digoxygenin-dUTP as probe. The plaque
hybridization procedure was essentially the same as that
used for Escherichia coli bacteriophages (Sambrook et
al., 1989).
Preparation of DNA and RNA and Southern and
Northern blots
DNA was isolated from purified virus particles by phe-
nol extraction as described previously (Yamada et al.,
1991). DNA restriction fragments were transferred to ny-
lon filters (Biodyne, Pall BioSupport) and hybridized with
a probe labeled with nonradioactive digoxygenin-dUTP.
Specific probes were as follows: a 350-bp BglII/EcoRV
fragment containing a middle portion of the CBV11 intron,
a 254-bp BamHI/XhoI fragment of CVK2 containing a part
of the TFIIS coding region, and a 1.2-kbp HincII/BamHI
fragment of CVK2 containing the entire coding region of
the URF14.2 gene (Yamada et al., 1994). For intron detec-
tion, hybridization was performed at low stringency
(Yamada et al., 1993a). Total RNA was isolated from
uninfected and CVT2-infected Chlorella NC64A cells as
before (Yamada et al., 1993a), blotted onto nylon filters,
and hybridized with 32P-labeled probes. Washed filters
were autoradiographed for 24-120 h.
FIG. 4. Phylogenetic tree of group I introns. The tree was derived with
the neighbor-joining method (Saitou and Nei, 1987) based on the
two-parameter distance (Kimura, 1980) indicated by the scale bar
above the tree. Numbers at branches are the bootstrap values based
on 1000 replications.
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Cloning and sequencing
Viral DNA fragments with group I intron sequences
were cut from the agarose gel, ligated to M13mp18 and
mp19, and amplified in E. coli XL1-Blue MRF9. Some DNA
fragments were amplified by the polymerase chain reac-
tion (PCR) using synthetic oligonucleotides as primers.
The primers used were 59-ATGGCGCCCAAGCACGTT-
TATAACC and 59-TTACTGCTTCCACCTGCTTCCACAG
corresponding to the first 25 and the last 25 nucleotide
positions of the CVU1 TFIIS coding region, respectively
(DDBJ accession no. D17367), and 59-TTTTCTTCTTTA-
CACGAAGCTGCAG and 59-GAGATATTCCAAGAATTTTA-
GATCT corresponding to nucleotide positions from the
initiation codon 397–421 and 963–939 of the PBCV-1
SPO-1 endonuclease-like ORF (A422R, GenBank acces-
sion no. U42580). The PCR product was cloned into the
EcoRV site of pT7Blue(R) vector (Novagen). Single-
stranded DNA was sequenced by the dideoxy method in
an ALFred DNA sequencer (Pharmacia). Sequence data
of group I introns determined for five Chlorella viral
species have been deposited with the DDBJ database
under accession nos. AB006978, AB006979, AB006980,
AB006981, and AB006982.
Phylogenetic analysis
The alignment of various group I (IB) intron sequences
was aided by the secondary structure-based alignments
of Cech (1988), Michel and Westhof (1990), and Bhatta-
charya et al. (1994). The 59-P-Q-R-S-39 regions were ini-
tially aligned based on primary sequence, and then other
conserved regions within the group I introns were sub-
sequently added to the alignment on the basis of sec-
ondary-structure considerations. Comparison with the
alignment established by Bhattacharya et al. (1994) was
used to unambiguously align 228 positions of group I
introns for phylogenetic analysis. All group I introns are
postulated to share a common ancestry based on con-
served sequences and secondary structure (Cech, 1988).
Distance analysis of group I introns was implemented
with the PHYLIP Version 3.5c computer program (Felsen-
stein, 1993). The phylogenetic trees were drawn based
on evolutionary distances by the neighbor-joining and
UPGMA methods (Felsenstein, 1993). The following
group I intron sequences underwent phylogenetic anal-
ysis (with EMBL/GenBank/DDBJ accession nos. shown
where available): Ankistrodesmus stipitatus (X56100),
Chlorella ellipsoidea (D13324), Characium saccatum
(M84319), Chlorella mirabilis (X74000), Chlorella sorokini-
ana, (X73993), Cosmarium botrytis (X79498), Cosmocla-
dium saxonicum (X79497), Dunaliella salina (M84320),
Genicularia spirotaenia (X74753), Gloeotilopsis planc-
tonica (T. Friedl and C. Zeltner, personal communication),
Hildenbrandia rubra (L19345), Mesotaenium caldariorum
(X75763), Mougeotia scalaris (X70705), Pneumocystis ca-
rinii SSU (X12708), Pneumocystis carinii LSU (M86760),
Protomyces inouye (Nishida et al., 1993), Sphaerozosma
granulatum (X79496), Staurastrum sp. M752 (X74752),
Staurastrum sp. M753 (X77452), Tetrahymena ther-
mophila LSU (V01416), Ustilago maydis (X62396), and
Zygnemopsis circumcarinata (X79495).
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